Abstract-Related to their size and shape, plasmonic excitations of metal particles occur in an extremely broad spectral range from visible down to radio frequencies. They can couple to other kinds of excitation with a similar energy, which in the infrared (IR) is origin of vibrational signal enhancement. In this study, we recollect main points of the current knowledge on such coupling and give examples with molecular vibrations and phonons. Plasmonic enhancement of various phononic signals gives rise to distinguish between surface enhanced IR absorption and surface enhanced IR scattering.
to a substrate or host is an important issue and any shift and line-shape change of vibrational signals may inform on charge transfer and chemical bonding to the surface (or host) [4] . We also have to mention here that current IR spectroscopy includes low-energetic electronic excitations [5] [6] [7] and IR plasmonic studies, see below. A manifold of spectroscopic techniques is available nowadays: time-resolved techniques [8] , microscopy in the far-and the near-field [9] , and nonlinear methods like sum-frequency generation [10] .
In studies related to sensing of small amounts of molecules, for example in order to identify rare biomarkers, IR spectroscopy suffers from relative low vibrational absorption signals compared to noise (S/N). Absorption cross sections typically are well below 1 nm 2 , which is about 11 orders of magnitude smaller than a possible IR beam focus. Nowadays, modern IR techniques provide the photometric sensitivity to detect intensity changes down to 10 −4 . Missing orders of magnitude can be bridged by IR lasers only partially. One efficient way to increase sensitivity is to exploit near-field enhancement from resonant particles in the neighborhood of molecules of interest. Two kinds of excitations support resonant behavior of particles in the IR: phonon-like and plasmon-like surface polaritons [11] [12] [13] . Polariton excitation benefits from a low imaginary part of the dielectric function (low damping) and from a negative real part of that function. Concerning phonon excitation at room temperature, such conditions are well met in the case of crystalline SiC. For plasmonic excitations in the IR, almost all good metal conductors can be used. Plasmonic near-fields are strongly enhanced at resonance by up to two to three orders of magnitude [14] [15] [16] [17] , which for IR absorption spectra would mean up to six orders of vibrational signal enhancement can be expected. But experimental facts are not fully consistent with such simple picture because of the strong line-shape changes of enhanced vibrational signals [18] , [19] , see also for example Fig. 1 . These line-shape changes show Fano-type profiles and, with nanoantennas, they can reach antiabsorption [20] . Furthermore, particle-plasmon polaritons can couple to phonon polaritons with wave-vector direction perpendicular to the incoming photon wave vector. In the following, we will explain these effects more detailed and discuss consequences for sensing.
II. PLASMONIC INTERACTION IN THE IR

A. IR Plasmonic Resonances
Below the onset of interband transitions the IR optical conductivity of metals is determined by collective oscillations of free charge carriers called plasmons. These plasmonic Relative IR transmittance of wet-chemically grown Au-island films on a silicon wafer with about 3-nmthick natural oxide. (c) Growth time is indicated. Incidence of light is normal, reference is the wafer without gold. While phonon absorption in 3-nm silicon oxide gives only a signal of 0.01 compared to pure silicon surfaces, the much stronger feature between 1000 and 1250 cm −1 is due to plasmonic enhancement. Its special line shape tells that the mechanism is more complicated than simple enhancement. It is important to note that an ultrathin flat gold layer would lead to oxide vibrational feature toward higher relative transmittance due to screening of the incoming field.
oscillations give rise to the high metallic reflection up the plasma edge [22] . Electromagnetic waves with frequencies below the plasma edge are attenuated inside the metal. However, within the penetration depth of a few 10-nm, surface-plasmon polaritons as mixed excitations of plasmonic and photonic nature can also exist in the IR range [23] , [24] . The Drude dielectric function allows a good description of the optical plasmonic response with only two parameters (plasma frequency and relaxation rate of free charge carriers) if the extension of the nanostructure is larger than a few nanometers [25] [26] [27] . For almost all metals, the dielectric function has a very strong negative real part in the IR. In the mid IR, for the most metals, the absolute value of this real part is much larger than the imaginary part that gives electronic damping of plasmonic excitations and limits the polariton propagation length. Nevertheless, for good metals in the Fig. 2 . Scanning electron microscopy (SEM) image of a typical SEIRA-active wet-chemically grown Au-island layer on an Si wafer, ca. 350 nm × 350 nm. A monolayer of APTES was used to improve gold nanoparticle adhesion [21] .
mid IR, the propagation length on a smooth surface is much larger than the wavelength, but surface roughness may shorten it [28] . Electronic damping can be decreased by a lowered defect concentration in the bulk and on the surface and it is always lower for suppressed phonon scattering at low temperatures [29] .
On extended surfaces, propagating plasmon-polaritons can be optically excited by well-established techniques (e.g., Otto configuration) that ensure energy and momentum conservation [30] , [31] . Refractive-index sensing applications of these techniques are well established [32] , [33] . They exploit the strong influence of the electronic polarizability of the neighbor medium on the plasmon-polariton dispersion relation.
Plasmon-polaritons become localized on metal particles and for the plasmon-polariton wave vectors only such of standing waves are allowed. Thus, plasmonic excitations correspond to collective charge oscillation modes of various orders of standing waves. These resonances depend on size and shape of the particle [34] , [35] but also on the material quality [36] . The two limiting cases are, one the one side, macroscopic radiofrequency antennas where only geometry is important [37] , and on the other side, nanoparticles at least 100 times smaller than the photon wavelength with Mie resonances in the Rayleigh limit depending almost only on the materials properties [38] , [39] .
For complex metal particle structures, coupling of different modes can be achieved via Fano-type interaction effects (see below). The Fano-type coupling between dark and bright plasmonmodes transfers optical activity to the dark mode, which may give rise for very narrow plasmonic resonances as they are advantageous for refractive index sensing [40] , [41] . Mutual plasmonic coupling can be nicely studied with precisely top-down manufactured nanostructures [42] .
In the past, many studies were dealing with bottom-up grown nanoisland films, see for example Fig. 2 . These films are more or less disordered 2-D arrays of interacting plasmonic particles and, with further metal deposition, changes in island size, shape, and mutual interaction modify the optical response dramatically [43] , [44] . In the IR, this optical behavior can be exploited for contact-free measurement of electrical percolation. Very close to the percolation threshold [45] distances between metal islands are extremely small [46] , which is beneficial for near-field enhancement. The normal-incidence IR transmittance at percolation is nearly frequency independent, which can be Fig. 3 . SEM of a typical electron-lithographically produced gold antenna (on silicon wafer with natural oxide, 10-nm Ti adhesion layer between gold and silicon oxide) [50] .
attributed to the overlap of two contributions, one from separate islands and the second one from the fully coalesced area [47] . Local field enhancement spatially varies on the layer in relation to morphology [48] . Modification of morphology, for instance at percolation, is possible via flux and diffusion of metal atoms [49] . So, metal-island films can be properly produced to be a cheaper alternative to nanolithographic structures for surface enhanced vibrational spectroscopy. Spectra usually are measured in transmittance geometry and, for adsorbate-covered metal-island films (on a transparent substrate), the signals almost resemble an absorption increase, which lead to the term "surface enhanced IR absorption (SEIRA)."
A very interesting approach to SEIRA-active substrates is based on dense hexagonal arrays of identical particles, for example, core-shell spheres the resonance of which is governed the shell thickness and particle diameter [51] , [52] .
It is still under debate which metal-particle geometry and arrangement produces the highest near-field. Small longitudinal gaps of a few nanometer width are proven to be advantageous [53] . But quantum theory predicts a minimum distance below which the near-field decreases again [54] , [55] .
Modern techniques enable the production of well-defined nanostructures in homogeneous arrays. Hence, measurements and simulations can be precisely compared, which gave a lot of important insights into plasmonic resonances and their tuning, plasmonic couplings, and near-field concentration [42] , [56] , [57] .
The simplest elements for tunable IR near-field enhancement are nanowires (example in Fig. 3 ) with length L in the micronrange [58] [59] [60] . They show strong fundamental resonances with an almost linear antenna-like relation λ res = AL +B (with B less important in the IR) between photon wavelength λ res at resonance and L, see Figs. 4 and 5. The parameters depend on plasma frequency, substrate polarizability, cover layers, and geometry details like width w and height h. A corresponding analytic formula was derived by L. Novotny for cylindrical wires and penetration depths clearly smaller than the wire diameter [37] .
From Figs. 4 and 6, it is obvious that extinction cross sections of a nanowire at resonance exceed geometric ones considerably, which is proving the strong near-field concentration at resonance. From many theoretical studies and from scanning nearfield optical microscopy, it is known that near-field enhancement at resonance is localized next to the nanowire apex and it is maximum for the fundamental resonance [20] , [61] , [62] . For enhanced vibrational spectroscopy thus the fundamental antenna-type resonances are best suited [20] , [63] . Nanowires and also other kinds of particles, like nanocrescents [64] , show remarkable enhancement. The main differences to SEIRAactive layers from densely packed nanoparticles (with overall extension much smaller than the wavelength) are pronounced resonant scattering and spectral selectivity. Because of the latter, nanoantennas enhance only vibration signals with a good frequency match to the plasmonic resonance spectrum.
Experimental spectra shown in this study are measured in normal transmittance geometry. For IR microscopy light was focused with a Schwarzschild objective with numerical aperture NA = 0.5. This kind of mirror optics in reality leads to slight deviations from normal incidence. Therefore, arrays with transversal and longitudinal distances between nanowires tuned to interference maxima for normal incidence show considerable differences in spectra for different NA [66] . Fig. 6 shows experimental extinction for a very homogeneous extended array that is not diffractively coupled. Microspectroscopic measurements are compared to spectra taken without Schwarzschild optics but with an almost parallel beam. Up to 10% deviation in extinction cross section is observed. For detailed nanoantenna studies and comparison to theory, such kind of deviation and the real beam profile should be considered.
B. Fano-Type Interaction
The open problem that still hampers broad application of surface enhanced IR spectroscopy is the missing precise quantitative information on the number of oscillators that contribute to the signal. In fact, the enhancing mechanism is more than simply near-field enhancement. Therefore, the enhancement factor cannot be directly estimated from the plasmonic near-field. In particular, from SEIRA with island films (see, e.g., Fig. 7) , a clearly Fano-type vibrational line shape is obvious [18] , [19] , [65] . The deviation from a Lorentzian line shape toward a Fano-type one increases with vibrational signal enhancement, in accordance to the Fano-interference effect that yields intensity transfer from a continuum to a narrow oscillator and a significant line-shape change of the narrow oscillator up to full asymmetry or even antiabsorption. Empirically, the asymmetry is described by the Fano parameter that corresponds to the ratio of the transition probabilities for the two excitations. Without continuum (i.e., without plasmonic excitation), this parameter becomes infinity and the narrow line shape is the typical Lorentzian. Fano effects are found for various kinds of excitations in nature and enable fascinating new properties, for example [40] , [67] [68] [69] . Even dark modes may become bright from intensity transfer, as mentioned earlier.
In SEIRA, maximum asymmetry and maximum vibrational signals were found for island layers near percolation [19] , see Fig. 7 . The Fano-type shape and the vibrational intensity could be well simulated by a simple 2-D Bruggeman model [19] that neglects details of the metal-particle shape and scattering, which is a reasonable approximation for islands with dimensions two orders of magnitude smaller than the IR wavelength. It is important to note that this simple Bruggeman simulation succeeds in an accordance to experimental findings only if the bare-film spectrum can be simulated in good agreement too [19] , [70] . This rule works better for small islands or for metals with electronic scattering rates in the mid IR (like e.g., iron), respectively. With increasing gas exposure a linear increase in the SEIRA signal of ethene on Cu islands on KBr (see Fig. 7 ) up to at least 20 Langmuir was observed [71] . IR active modes in the mid IR are equally enhanced and show the same asymmetry [19] . Quantitative analysis on metal-island films is limited by an irregular distribution (and possibly orientation) of analyte molecules over the various sites with different near-field enhancement. Furthermore, one has to consider that the number of adsorption sites depends on morphology. So, the obvious signals in SEIRA studies for different morphologies usually include various amounts of adsorbate molecules.
Concerning plasmonic enhancement with nanoantena-like resonantly scattering objects, vibrational-signal increase is much larger, but quantitative analysis is much less clear [20] , [63] , [64] , [68] , [72] . Recent experiments indicate that the scattered far-field intensity goes with the fourth power of the nearfield strength [73] . For a vibrational signal from a molecule in the enhanced near-field this finding would mean that two effects contribute to vibrational signal enhancement, one ordinary from enhanced absorption (SEIRA) that goes with the square of near-field enhancement and a second one that is the modified scattering which goes with the fourth power of near-field enhancement. This second effect we will call surface enhanced IR scattering (SEIRS). Clearly, in total, for resonant antennas the second effect, SEIRS, should dominate. As will be discussed later, the two contributions can be separated because they differently involve wave vectors.
From experiments, it is known that SEIRS with nanoantennas is also a Fano-type effect [20] . Fano-type line shapes are observed, see Figs. 8 and 9. With detuning of vibrational and plasmonic resonance line shape and signal size change as qualitatively predicted for a Fano effect. For the best tuning condition in Fig. 8 , even a signal from the octadecane thiol (ODT) CH 3 group at 2963 cm −1 is observed. Please note, there is only one such group per molecule. Differently to Fano-type SEIRA signals from adsorbates on metal-island layers, for nanoantenas Fig. 8 . Polarization-dependent relative transmittance spectra of individual electro-chemically grown gold nanoantennas (with various length L as given) covered with a monolayer ODT [20] . Besides the broadband plasmonic response, narrow spectral features are found at 2855 and 2929 cm −1 which can be assigned to CH 2 stretching vibrations of ODT. Depending on the tuning ratio (given as the frequency ratio of plasmonic resonance and the vibrational excitation, approximate numbers are given), differently looking vibrational signals appear on the plasmonic background. Fig. 9 . Baseline-corrected vibrational signals of the CH 2 and CH 3 vibrational modes of one monolayer of ODT for different measurement geometries as indicated in each panel. The IR reflection absorption spectroscopy (IRRAS), where a large area with ODT molecules contribute to the signal acts as reference signal for SEIRS [74] . In the case of SEIRA [21] , adsorbates on sidewalls of island on a cm 2 -sized sample area contribute to the signal [18] , [21] . For SEIRS on gold nanowires, the signal strength as well as the line-shape strongly depends on tuning. The vibrational signal arises from the apex of the nanowires where the near-field is strongly enhanced. SEIRS spectra from Fig. 8 after baseline correction, same sequence from top to bottom. maximum signals have an antiabsorption line shape, i.e., the vibrational oscillator has to be considered as in an antiphase condition in order to explain weakening of plasmonic extinction.
Looking at the parameters that govern the Fano effect may be helpful for optimizing SEIRS enhancement. Many studies in the recent years and some comprehensive reviews were dealing with the influence of damping and of coupling on the spectrum [67] [68] [69] , for example, in relation to exciton-plasmon coupling [76] , [77] . For the "plexitonics" case [76] , [77] , it was clearly demonstrated that the Fano-type signal disappears with broadening of the narrow oscillator. Transferred to a system with molecular adsorbate layers this finding means stronger SEIRA and SEIRS are possible for well-ordered layers with intrinsically narrow vibrational lines. In contrast, water adsorbed under ambient conditions never was detected in SEIRS experiments, certainly because of the very broad vibrational bands. Also, the application of SEIRS to vibrational sensing of biomolecules is hampered related to their broad vibrational features, for example [78] .
Extremely important is the coupling between the two interfering excitations in the Fano effect. Strong coupling can even lead to Rabi splitting, as explained for the coupling between excitonic emission and plasmonic excitation [76] , [77] , for example. Following the references, the criterion for strong coupling is approximately described as g > γ pp /4 with g as the coupling rate between the two excitations (the narrow excitonic one and the broad plasmonic one) and γ pp as the decay rate of the plasmonic resonance (if described as harmonic oscillator). If there are N excitonic oscillators that interact with the plasmonic excitation, the coupling strength becomes g √ N . The squared coupling strength g 2 is proportional to the spontaneous excitonic emission rate and to the enhancement of the field-mode density at the spatial position and the vacuum resonance frequency of the excitonic emitter [77] . Translated into terms of vibrational excitations, g 2 is proportional to the near-field enhancement and to the vibrational oscillator strength. This approximate picture is not complete. In reality, for each of N oscillators g 2 can be different according to spatial position and orientation. In SEIRA and SEIRS of molecular layers and nanofilms a complete splitting is not observed, which indicates g values relevant for weak coupling. A typical mid IR antenna resonance width corresponds to γ pp /4 ≈ 20 meV > g for weak coupling.
III. EXAMPLES AND APPLICATIONS
A. Molecular Monolayers and Signal Enhancement
SEIRA and SEIRS enable extremely sensitive proofs of small amounts of molecules [20] , [63] , [79] , [80] . The broadband enhancement obtained in SEIRA additionally gives clear chemical information since the various modes of the adsorbate can be detected [19] , [81] . Maximum SEIRA enhancement is of three orders of magnitude [21] , [74] , which presents an average value. Enhancement in general concerns a signal size measured as the difference in relative intensity between minimum and maximum of the vibrational signal in the SEIRA/SEIRS spectrum regarding the signal size in a reference spectrum. In the calculation of Fig. 10 . Enhancement factor (enhanced molecular vibrational signal divided by nonenhanced as derived from IRRAS data, see supporting material to [20] ) in dependence on the tuning ratio between vibrational and plasmonic resonance (maximum of resonant extinction). The largest signal enhancement is found close to a ratio of one. Recent studies clarified that maximum enhancement is at the position of the near-field maximum that is slightly shifted from the far-field extinction maximum [75] . Experimental data from electrochemically grown gold nanowires [20] , [58] .
enhancement factors per molecule, one has to extract first the bare molecular information from the reference spectrum and, second, one has to account for different numbers of molecules that contribute to the signal. In SEIRS usually the localization of near-field enhancement is also considered [82] . In that way for the SEIRS signals in Figs. 8 and 9 , maximum enhancement of 500 000 was estimated, see Fig. 10 . IR reflection-absorption spectra (IRRAS) from an ODT monolayer on a planar gold surface were used as source for reference data.
With available reference spectra, enhancement per molecule can be estimated from experiments for a known adsorbate coverage and particle geometry. Unfortunately, until now, the enhancement factor cannot be precisely theoretically predicted because of the complex Fano-type effect where disorder not only leads to signal broadening but also signal weakening. One way out was demonstrated recently by a combination of SEIRS that senses a characteristic vibration of the analyte and sensing of the refractive-index the change of which informs on the number of molecules [79] . It should be mentioned here that upon adsorption a plasmonic antenna resonance shifts, but because of the considerable width of the resonance of a nanowire this shift hardly can be measured. In [79] , a special asymmetric metamaterial structure with extremely narrow plasmonic features was used therefore.
Safe identification of a molecular species with one plasmonic resonance may not be possible if characteristic modes are not within the plasmonic signal. Also, this problem can be solved with he help of complex plasmonic structures that feature a second strong resonance [83] or even more.
Other problems in SEIRS with metal nanoantennas are tiny signals on a huge plasmonic background [50] , [84] . S/N can be significantly improved by the use of large homogeneous arrays, but nevertheless the tiny Fano-signals, see Fig. 11 , could be overlooked. In the case of available reference data on the bare plasmonic resonance, a baseline correction procedure is Fig. 11 . Relative transmittance spectrum of gold nanoantennas (L = 1450 nm, width and height 60 nm, CaF 2 substrate) covered with a methylene blue monolayer [84] . In the middle panel, a baseline-correction is obtained using a polynomial fit, whereas in the lower panel the second derivate is calculated. Both the methods are suited to extract hardly visible transmission changes. From the two marked vibrational signals the one at 1736 cm −1 is not a mode of the free molecules. This mode arises upon adsorption on gold or due to degradation and is a typical example for chemical effects. In our example, the mode appears quite strong because it is close to the plasmonic resonance. Fig. 12 . Relative transmittance spectra of nanoantennas (L as given) prepared on a Si wafer with a natural SiO 2 layer (thickness 3 nm). Reference is the oxide-covered wafer without antennas [85] .
possible. Otherwise, derivatives can be checked, see for example Fig. 11 .
B. Polariton Sensing of Thin Oxide Films
Nanoantennas prepared on silicon wafers show Fano-type features in certain cases [85] , see Fig 12. A closer look on series of spectra for various L in Fig. 12 identifies the origin of the Fig. 13 . Comparison of SiO 2 signal enhancement provided by antennas (red) and Au-island films (black). From the relative transmittance, absorption was calculated and, for the black curve, also a baseline correction was done. The red antenna spectrum is multiplied by a factor of 10 to make clear the differences.
feature as phonon-polariton of the natural SiO 2 layer (about 3 nm thick) that couples to the plasmonic excitation. As could be seen from Fig. 1 , top panel, SiO 2 has a strong TO phonon oscillator at 1065 cm −1 that yields a large splitting between TO and LO frequencies and a negative real part of dielectric function in between. In that range surface phonon-polaritons can exist, at the surface and at the interface of a layer to the substrate [12] . The surface polariton branch approaches ω LO , and leads to the observed feature. For the interface polariton, interaction with the antenna is less likely [85] . Since the surface polariton has a wave vector parallel to the surface but the incident light has a wave vector perpendicular to the surface, absorption (needs wave-vector conservation) could not explain the phonon-polariton excitation. Clearly, scattering by the nanoantenna gives the wave vector parallel to the surface. Enhanced absorption only can lead to a signal at the TO frequeny ω TO . Let us again consider gold-island layers on natural oxide (see Figs. 1 and 13) . Fig. 13 displays one spectrum from Fig. 1 (for a macroscopic sample area) and one spectrum from Fig. 11 (for the array with shortest antennas, microspectroscopy) in terms of extinction (for a better comparison). The surface polariton excitation is obvious in both the spectra, whereas for the island layer the excitation feature extents down to the TO frequency indicating absorption enhancement of nearly the same amount as scattering enhancement. We conclude that for the antenna (even on the resonance tail) SEIRS from scattering dominates while for the island layer absorption and scattering nearly equally contribute to vibrational signal enhancement. We have to add here, that a scattering contribution from island layers could be detected rather seldom. Usually islands are too small. For metals like iron, with high electronic damping, a scattering contribution was never proven in SEIRA experiments; a Fano-type signal only at ω TO was observed [86] .
IV. CONCLUSION
We have discussed SEIRA with metal-island films and SEIRS with nanoantennas as Fano-type effects in resonant absorption and scattering, respectively, of plasmonic objects. Our discussion is based on selected literature and own studies. The conclusions are these: maximizing plasmonic enhancement needs strongly scattering plasmonic objects with resonances tuned to the vibrational frequencies of interest. Molecules of interest should sit in an ordered manner on sites with concentrated near-field. Order in principle could be supported by a proper functionalization of smooth antenna surfaces. Until now experiments have demonstrated that the detection limit can be extended down to the zeptomolar range. This is not a general limit. Further improvement of sensitivity and of quantitative analysis mainly needs detailed theoretical work on the role of disorder and coupling and on the interplay of absorption and scattering.
